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Introduction 

Oil film interferometry (OFI) has been successfully applied 

to skin friction measurement on an %ircraft in flight. 

Measurements during two flights of a Beech F33C Bonanza single- 

engine light aircraft were made at several locations on the wing's 

.upper surface including the leading edge, mid-chord, and on the 

flaps. OF1 is a direct skin friction measurement method that works 

by measuring the thinning rate of a line of oil placed on a 

surface subject to a shear stress. The technique has previously 

been demonstrated in low-speed, transonic, and supersonic wind 

tunnels. l t 2  The basics of oil film interferometry were first 

developed by Tanner and Blows in the 1970s. 3,4 A transparent oil 
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placed  on a s u r f a c e  exposed t o  t h e  a i r s t r e a m  i s  t h i n n e d  by t h e  

shea r  stress a c t i n g  on it. Subject  t o  c e r t a i n  assumptions,  t h e  

r e s u l t i n g  o i l  f i l m ' s  t h i c k n e s s  varies l i n e a r l y  n e a r  t he  leading  

edge of  the f i l m .  T h e  r a t e  a t  which t h i s  t h i n n i n g  o c c u r s  can be 

related t o  the s k i n  f r i c t i o n  shear stress u s i n g  l u b r i c a t i o n  

theo ry .  T h e  o r i g i n a l  technique used laser l i g h t  t o  create  v is ib le  

i n t e r f e r e n c e  f r i n g e s  formed between r e f l e c t i o n s  from the a i r - o i l  

and o i l - s u r f a c e  i n t e r f a c e s .  

A v a r i a n t  of t h e  technique  r e c e n t l y  developed by Monson and 

Mateer, f r i n g e  imaging s k i n - f r i c t i o n '  (FISF) , employs several 

innovat ions  which make o i l  f i l m  i n t e r f e romet ry  simpler t o  use.  1,5 

T h i s  t echnique  makes use  of  r e a d i l y - a v a i l a b l e  mylar  sheets f o r  

o p t i c a l - q u a l i t y  model su r faces ,  more convent iona l  i l l u m i n a t i o n ,  

and r e q u i r e s  only  a s i n g l e ,  p o s t - f l i g h t  iriTage. T h e  i n t e r f e r e n c e  

p a t t e r n s  may be viewed d i r e c t l y  o r ,  w i t h  a modest amount of  image 

a n a l y s i s ,  may be used t o  o b t a i n  q u a n t i t a t i v e  y a l u e s  f o r  l o c a l  s k i n  

f r i c t i o n .  

Procedure 

Mylar s h e e t s  are placed on t h e  su r face ,  p r o v i d i n g  s u i t a b l e  

optical  p r o p e r t i e s  f o r  measurements t o  be made wi thou t  a d d i t i o n a l  

s u r f a c e  p r e p a r a t i o n .  These mylar sheets, s o l d  as cove r ings  f o r  

model a i r p l a n e s  ("MonoKote", Top F l i t e  Models, Inc . ,  Champaign, 

I L ) ,  come i n  pre-cut  adhesive-backed s t r i p s .  The index of 
. 

r e f r a c t i o n  of  mylar is  such t h a t  the  l i g h t  reflected from t h e  o i l -  

mylar i n t e r f a c e  creates a s t r o n g  i n t e r f e r e n c e  p a t t e r n  wi th  t h e  

r e f l e c t i o n  from t h e  a i r - o i l  i n t e r f a c e .  Since t h e  mylar has an 
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adhes ive  backing, a l l  t h a t  i s  needed t o  p repa re  the  s u r f a c e  fo r  

s k i n  f r i c t i o n  measurements i s  t o  c l e a n  the  airframe s u r f a c e  and 

a t tach the  m y l a r .  T h e  mylar and adhes ive  are e a s i l y  removed from 

most s u r f a c e s  ( s t a i n l e s s  steel ,  aluminum, P l e x i g l a s )  a f te r  t h e  

t es t ,  provided t h i s  is done wi thout  d e l a y .  

W i t h  s u i t a b l e  d i f f u s i o n ,  a mercury discharge lamp can be used  

i n  combination w i t h  a camera f i l t e r  w i t h  an ove r l app ing  cen te r -  

p a s s  wavelength t o  create an i n t e r f e r e n c e  f r i n g e  image f o r  which 

the i l l u m i n a t i n g  wavelength is  precisely known. T h e  l i g h t  source 

is  placed so  t ha t  the l i g h t  s h i n i n g  on the s u r f a c e  is as near ly-  

pe rpend icu la r  t o  t h e  s u r f a c e  as practical  t o  create the 

i n t e r f e r e n c e  p a t t e r n  from which t h e  f r i n g e  spac ing  i s  measured. 

Moving the l i g h t  sou rce  and viewing a n g l e  off-normal reduces  t h e  

accuracy of the  measurement. 

. T h e  i n t e r f e r e n c e  images w e r e  photographed w i t h  a 35mm s ing le -  

l e n s  r e f l e x  camera w i t h  a green  f i l t e r  on megium speed black and 

whi te  p r i n t  f i l m .  A custom-bui l t  l i g h t  box c o n t a i n i n g  self- 

ballasted high i n t e n s i t y  discharge mercury lamps (which have a 

s t r o n g  green peak a t  546.1 nm) w a s  used t o  p r o v i d e  a l a rge ,  

uniform source  of  i l l u m i n a t i o n .  T h e  n e g a t i v e s  w e r e  t h e n  d ig i t ized  

and s t o r e d  on a Kodak PhotoCD a t  a r e s o l u t i o n  o f  3072 x 2048 

p i x e l s .  These d i g i t i z e d  images w e r e  ana lyzed  u s i n g  a personal  

computer. A machin is t s '  scale p l a c e d  on t h e  wing f o r  the  

photographs and the known w i d t h  of t h e  m y l a r  w e r e  used t o  provide 
r 

a l e n g t h  c a l i b r a t i o n  i n  t h e  images. 

Measurements 

t he  first f l i g h t ,  

w e r e  made on two f l i g h t s  of t h e  a i rc raf t .  For 

a t r a n s p a r e n t  o i l  w i th  a nominal v i s c o s i t y  of 
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200 c S t  was used .  T h e  o i l  used was a s i l i cone-based  o i l  a v a i l a b l e  

in a w i d e  range of v i s c o s i t i e s  s o l d  a s  Dow DC 200  F l u i d  (Dow- 

Corning Corp., Midland, M I ) .  For t h e  second f l i g h t ,  t h e  same type 

of oil i n  a 500 c S t  nominal v i s c o s i t y  formulat ion was used. Mylar 

s t r i p s  w e r e  i n s t a l l e d  a t  s i x  l o c a t i o n s  on t h e  upper s u r f a c e  of t h e  

l e f t  wing and f i v e  l o c a t i o n s  on t h e  upper s u r f a c e  of t h e  r i g h t  

wing. Three smaller s t r i p s  w e r e  a l s o  p laced  on t h e  r i g h t  f l a p .  

L i n e s  of o i l  was a p p l i e d  t o  the m y l a r  j u s t  before  f l i g h t .  

On t h e  first f l i g h t  there w e r e  a t o t a l  o f  34 o i l  l i n e s ,  

inc luding  9 on the r ight  f l ap ,  w h i c h  w a s  deployed f o r  the dura t ion  

o f  the  f l i g h t .  The second f l igh t  had 31 o i l  l i n e s ,  w i t h  6 on the 

right f l a p .  With t h e  except ion of the  upstream-most o i l  l i n e s  on 

t he  f l a p s  (which disappeared i n t o  the  wing when the  Fowler-type 

f l a p s  w e r e  retracted), an i d e n t i c a l  o i l  l ine  l ayou t  w a s  used on 

each. f l i g h t .  Most of  t h e s e  o i l  l i n e s  w e r e  app l i ed  normal t o  the 

freestream flow d i r e c t i o n .  However, on eacQ f l i gh t ,  three o i l  

l i n e s  were a l s o  p laced  a t  approximately 45' t o  t h e  wing's lead ing  

edge. These l i n e s ,  covering t h e  upstream 30% chord o f  the wing a t  

approximately mid-semispan, w e r e  f o r  the d e t e c t i o n  of  boundary 

l a y e r  t r a n s i t i o n ,  Because of t h e  l a r g e  change i n  magnitude of t h e  

shear  stress when t h e  boundary l a y e r  becomes t u r b u l e n t ,  a l a r g e  

change i n  f r i n g e  spac ing  was expected. 

To o b t a i n  q u a n t i t a t i v e  information,  an image cons t an t  ( I C )  

was determined f o r  each f l i g h t  t o  relate t h e  measured f r i n g e  
. 

spacing t o  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t .  Monson and Mateer 

showed t h a t  i f  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  i s  assumed t o  be 

constant  f o r  t h e  e n t i r e  f l i g h t ,  an image cons t an t  r e l a t ing  f r inge  

4 



spac ing  and s k i n  f r i c t i o n  may be d e t e r ~ n i n e d . ~  

( I C )  is  

This  image cons tan t  

where .% is  t h e  wavelength of  t h e  l i g h t  c r e a t i n g  the  i n t e r f e r e n c e  

p a t t e r n  and V,, po and no a r e  t h e  v i s c o s i t y ,  d e n s i t y  and index of 

r e f r a c t i o n ,  r e s p e c t i v e l y ,  of  t h e  o i l  a t  t h e  r e f e r e n c e  temperature  

Tref, t a k e n  from t h e  manufacturer 's  s p e c i f i c a t i o n s  f o r  t he  oil. R, 

and So are c a l i b r a t i o n  c o n s t a n t s  f o r  v i s c o s i t y  and tempera ture .  T 

i s  t h e  o i l  temperature ,  t aken  as equal t o  t h e  local  s u r f a c e  

tempera ture  as measured by a su r face - read ing  thermocouple 

i n s t a l l e d  on t h e  left  wing a t  about mid-chord, one - th i rd  o f  t h e  

d i s t a n c e  from t h e  fuse l age  t o  the  wing t i p .  q, is  t h e  f r ees t r eam 

dynamic p r e s s u r e ,  determined from t h e  a i rc raf t ' s  airspeed and 

a l t i t u d e  which w e r e  cont inuous ly  monitored and r eco rded  manually. 

s 

The s k i n  f r i c t i o n  c o e f f i c i e n t  ( C f ) ,  de f ined  a s  t h e  l o c a l  

shear stress normalized by t h e  freestream dynamic p r e s s u r e ,  i s  

equa l  t o  t h e  measured f r i n g e  spac ing  m u l t i p l i e d  by t h e  image 

c o n s t a n t .  

R e s u l t s  

The two f l i g h t  p r o f i l e s  w e r e  designed s o  t h a t  the  desired 

f l i g h t  c o n d i t i o n s  w e r e  reached as q u i c k l y  as p o s s i b l e ,  w i J h  

minimum v a r i a t i o n  i n  angle-of-at tack.  The aircraft  w a s  then 

s t a b i l i z e d  on c o n d i t i o n  f o r  approximately 30 minutes .  T h e  longer  

t h e  a i rcraf t  is  a t  t h e  desired cond i t ion ,  t h e  smaller t h e  effect 

of t h e  t ake -o f f ,  climb, descent ,  and l and ing  v a r i a t i o n s  on the 
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s u r f a c e  flow being measured. T h e  a i r c r a f t  then  made i t s  descent 

and  l and ing  as  qu ick ly  a s  p o s s i b l e .  

During t h e  f irst  f l i g h t ,  the  f l a p s  were f u l l y  deployed w i t h  a 

t e s t  c o n d i t i o n  of  80  knots'  a t  5 0 0 0  f t  p r e s s u r e  a l t i t u d e .  T h i s  

r e q u i r e d  a f u l l - f l a p  t a k e o f f .  A r o u t e  f o r  t h e  f l i g h t  w a s  chosen t o  

minimize t u r n s ,  and the t u r n s  t h a t  w e r e  made w e r e  l i m i t e d  t o  

coord ina ted  t u r n s  wi th  a maximum of  5' bank a n g l e  t o  maintain 

near ly-s teady  cond i t ions .  T h i s  f l i g h t  lasted 32 minutes ,  w i t h  

c l o s e  t o  30 minutes  a t  the on-condition dynamic p r e s s u r e .  

For t h e  second f l i g h t ,  t h e  f l a p s  w e r e  f u l l y  retracted and an 

airspeed o f  120 kno t s  a t  5000 f t  w a s  selected. T h i s  f l i g h t  was 

s l i g h t l y  longe r  t h a n  the  first.  N o t e  t h a t  bo th  o f  these f l i g h t  

p r o f i l e s  r e p r e s e n t  off-design cond i t ions  f o r  t h i s  aircraft  and 

w e r e  chosen f o r  t h e  convenience o f  demonst ra t ing  t h e  O F 1  

technique.  

Good i n t e r f e r e n c e  images w e r e  ob ta ined  from each o f  t h e  two 
c 

f l i g h t s ,  i n c l u d i n g  de termina t ion  of t r a n s i t i o n  l o c a t i o n  on t h e  

d iagonal  o i l  l i n e s .  A t  the  t r a n s i t i o n  l o c a t i o n  on t h e  f irst  

f l i g h t ,  a laminar  s e p a r a t i o n  bubble w a s  observed. F i g u r e  1 shows 

an i n t e r f e r e n c e  image of one o f  t he  d iagonal  o i l  l i n e s  from the 

first f l i g h t .  The boundary l a y e r  is laminar  w i t h  t he  Cf 

decreasing--a smaller f r i n g e  spac ing  i n d i c a t i n g  a smaller Cf-- 

u n t i l  a p o i n t  i s  reached where t h e  o i l  has  flowed forward, which 

w a s  i n t e r p r e t e d  as i n d i c a t i v e  of s e p a r a t i o n .  Downstream of t h i s ,  
. 

t h e  boundary l a y e r  is t u r b u l e n t .  On the second f l i g h t ,  as seen i n  

f i g u r e  2, t r a n s i t i o n  occurs  s l i g h t l y  f a r t h e r  a f t ,  wi thout  any 

i n d i c a t i o n  of s e p a r a t i o n .  
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Quantitative values for skin friction were also calculated 

from each oil line. Figure 3 shows the skin friction coefficient 

and uncertainty range for results from several mylar strips. The 

results shown are taken from several slightly different span 

locations, collapsed to a single curve. The associated 

uncertainties demonstrate the comparatively high degree of 

accuracy possible with this method of measurement with a very 

modest amount of work. 

In producing quantitative results, there were four major 

sources of uncertainty: image analysis, run conditions, Cf 

assumptions, and oil properties. In most cases, the contributions 

from each of these sources were comparable. Uncertainties in the 

image analysis procedure varied from image to image. Beyond the 

uncertainty in the measured fringe spacing due to the finite 

number of pixels in the digitized images, camera mis-alignment and 

perspective distortion made significant contributions. 

Uncertainties in the run conditioris come from not having an 
e 

automated, continuous data recording, the use of the aircraft's 

flight instruments for measuring flight conditions and simply 

assuming the oil temperature is equal to the thermocouple reading 

The third source of uncertainty is the assumption that Cf remains 

constant for the entire flight. This is not true during takeoff 

and landing phases of flight. Finally, the manufacturer's 
/ 

specifications were used for the oil properties rather than 

testing the oil. For most data points, the uncertainties in the Cf 

measurements are estimated to be on the order of +lo%. 

I 



O F 1  proved easier to use in a flight test environment than 

anticipated, and good fringe images were obtained for each flight 

at nearly all oil line locations. Analysis of the fringe images 

yielded quantitative measurements of skin friction with reasonable 

uncertainties for most oil lines on each flight. The location of 

boundary layer transition was evident on each flight, and some 

regions of separated flow were identified. 

Despite the relatively simple nature of the instrumentation 

and data recording used in this experiment, it was possible to 

obtain skin friction measurements over a large area 

simultaneously. This method offers the possibility of making 

detailed skin friction measurements in flight test more cheaply 

and easily than is possible with other methods. 
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FIGURE 1: I n t e r f e r e n c e  image showing boundary l a y e r  t r a n s i t i o n  and 

s e p a r a t i o n  bubble  from f l i g h t  one. 

FIGURE 2: I n t e r f e r e n c e  image showing boundary l a y e r  t r a n s i t i o n  

from f l i g h t  t w o .  

FIGURE 3: Chordwise s k i n  f r i c t i o n  d i s t r i b u t i o n  a t  mid-semi-span 

l o c a t i o n  f o r  f l i g h t s  one and t w o .  
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